Abstract Polymorphic analyses of angiosperm mitochondrial DNA are rare in comparison with chloroplast DNA, because few target sequences in angiosperm mitochondrial DNA are known. Minisatellites, a tandem array of repeated sequences with a repeat unit of 10 to *100 bp, are popular target sequences of animal mitochondria, but Beta vulgaris is the only known angiosperm species for which such an analysis has been conducted. From this lack of information, it was uncertain as to whether polymorphic minisatellites existed in other angiosperm species. Ten plant mitochondrial DNAs were found to contain minisatellite-like repeated sequences, most of which were located in intergenic regions but a few occurred in gene coding and intronic regions. Oryza and Brassica accessions were selected as models for the investigation of minisatellite polymorphism because substantial systematic information existed. PCR analysis of 42 Oryza accessions revealed length polymorphisms in four of the five minisatellites. The mitochondrial haplotypes of the 16 Oryza accessions with chromosomal complement (genome) types of CC, BBCC and CCDD were identical but were clearly distinguished from BB-genome accessions, a result consistent with the notion that the cytoplasmic donor parent of the amphidiploid species might be the CC-genome species. Twenty-nine accessions of six major cultivated species of Brassica were classified into five mitochondrial haplotypes based on two polymorphic minisatellites out of six loci. The haplotypes of Brassica juncea and Brassica carinata accessions were identical to Brassica rapa and Brassica nigra accessions, respectively. The haplotypes of Brassica napus accessions were heterogeneous and unique, results that were consistent with previous studies.
Introduction
Minisatellites are a class of tandemly repeated sequences whose repeat unit ranges from 10 to *100 bp, whereas microsatellites, or simple sequence repeats, are defined as tandem repeats with a repeat unit of less than 10 bp (usually 1-5 bp) (Richard and Paques 2000) . Since the first report by Jeffreys et al. (1985) , it has been widely recognized that minisatellites could be used as genetic markers if the number of repeat units varies among alleles.
Minisatellites occur not only in nuclear DNA but also in the organellar DNA found in chloroplasts and mitochondria (Bastien et al. 2003; Powell et al. 1995; Rand 1993) . In a number of animal mitochondrial DNAs, minisatellites have been found in the D-loop region, an area that is noncoding but that contains promoters and a replication origin and is used extensively for polymorphic analyses (reviewed in Lunt et al. 1998) ; however, fewer such analyses have been conducted on angiosperm chloroplast or mitochondrial DNAs when compared with the number of studies on animal mitochondrial DNA. Examples of chloroplast minisatellites include those found in the intergenic region between trnM-CAU and rbcL of Sorbus (Rosaceae) (King and Ferris 2002) , in the polymorphic region of alfalfa (Skinner 2000) , and in the intronic region of trnL-UAA of orchids (Cafasso et al. 2001) .
To the best of our knowledge, polymorphic minisatellites in angiosperm mitochondria have been described only in Beta vulgaris, a species that includes sugar beet (Nishizawa et al. 2000) . The four minisatellites in beet mitochondria, three of which occur in intergenic regions and one in the N-terminal extension of ccmC ), have become useful markers for genetic diagnosis in sugar beet breeding, evaluation of genetic resources and ecological study (Nishizawa et al. 2007; Fievet et al. 2007; Fenart et al. 2008; Cheng et al. 2009 ), because the number of mitochondrial haplotypes based on minisatellite polymorphism exceeds 20 (Cheng et al. 2011 ), which makes fine analysis possible. It is advantageous that the differences in electrophoretic mobility of PCR products targeting beet minisatellites are easy to distinguish on a gel because the size of minisatellite repeat units range from 30 to 66 bp (Nishizawa et al. 2000) , and the difference of one repeat unit can be detected by a simple electrophoresis apparatus. Minisatellite-like repeated sequences have also been found in Arabidopsis and wheat mitochondrial DNAs (Nishizawa et al. 2000) , but it was not determined whether they were polymorphic.
Mitochondrial polymorphism has been used less often in studies on the systematics or ecology of angiosperms than chloroplast DNA polymorphism (e.g. CBOL Plant Working Group 2009) partly because angiosperm mitochondrial DNAs are so large (200-2,400 kbp) and divergent (Kubo and Newton 2008 ) that it was difficult to choose a region to be analyzed. Additionally, nucleotide sequences of mitochondrial DNA, which could serve as a reference for polymorphic analyses, were not available for many plants until recently. However, the number of angiosperm genomic sequences that are accessible is increasing (Kitazaki and Kubo 2010) , and there is no doubt that the number will be more abundant in the future. The addition of another source of markers from angiosperm mitochondrial minisatellites would be invaluable for both fundamental and applied aspects of plant genetics.
In this study, we addressed the question as to whether mitochondrial minisatellites in angiosperms other than Beta vulgaris contain informative polymorphism. At first, we found novel minisatellites from ten mitochondrial DNAs, representing ten genera. To assess the polymorphism of these minisatellites, Oryza and Brassica plants were selected as models because intensive studies have been conducted to establish systematic relationships between the species. Our results show that some of the mitochondrial minisatellites in Oryza and Brassica are polymorphic in terms of the number of repeat units, and mitochondrial haplotypes based on the minisatellites were fairly consistent with previous classifications based on other parameters.
Materials and methods

Genomic sequence analysis
The nucleotide sequences of angiosperm mitochondrial DNAs were obtained from the NCBI web site (http://www. ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=3309 0&opt=organelle). Minisatellites were found by using Tandem Repeats Finder (Benson 1999 ), a program available on the internet (http://tandem.bu.edu/trf/trf.html), using the following parameters: alignment parameters (2, 5, 7); minimum alignment score to report repeat, 30; maximum period size, 500. Results consisting of repeat units less than 20 bp were discarded. Nucleotide sequences were analyzed by using Sequencher (Hitachi Software Engineering Co., Ltd., Tokyo, Japan) or Genetyx (Genetyx Corporation, Tokyo, Japan). A BLAST search was done at the NCBI web site (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with default parameters.
Plant materials
Plant materials used in this study are listed in Tables 1  and 2 . The wild rice accessions were distributed from the National Institute of Genetics supported by the National Bioresource Project, MEXT, Japan (http://www. shigen.nig.ac.jp/rice/oryzabase/wild/coreCollection.jsp). The Brassica accessions used in this study were gifts from Professor Dr. Takeshi Nishio, Tohoku University, Japan.
DNA isolation
Total cellular DNA was isolated from fresh green leaves according to the standard CTAB-based method as described by Doyle and Doyle (1990) .
Polymerase chain reaction and nucleotide sequencing Oligonucleotides for polymerase chain reaction (PCR) primers are listed in Table 3 . PCR was conducted in a 10 lL reaction mixture containing 5 lL of GoTaq (Promega, Madison, WI, U.S.A.), 0.2 lM of each primer and *10 ng of genomic DNA. The PCR program consisted of 1 cycle of 94°C for 5 min, 35 cycles of 94°C for 30 s, 54-56°C (depending on the combination of primers, see Table 3 ) for 30 s and 72°C for 1 min, and 1 cycle of 72°C for 5 min. PCR products were electrophoresed in 4% polyacrylamide gels and visualized by EtBr staining. PCR products were either cloned into the pBluescript vector (Stratagene, La Jolla, CA, USA) prior to sequencing or 
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Results
Novel minisatellites in angiosperm mitochondrial DNAs
Tandem Repeats Finder was used to find mitochondrial minisatellites in angiosperm mitochondrial sequences. We first confirmed the program's ability to identify the four previously characterized minisatellites from sugar beet mitochondrial DNA (data not shown). After the analysis of ten mitochondrial sequences shown in Table 4 , minisatellite-like repeated sequences were selected by visual inspection. Two sequence blocks with more than 80% homology were considered as repeated sequences, and a related block of similar length with 50-80% homology was considered as a divergent repeat. We found a total of 84 minisatellites as detailed in Table S1 . The locations of these minisatellites included gene-coding regions (4 minisatellites), intronic regions (8) and intergenic regions (72). Mitochondrial genes having minisatellites in their coding regions were sorghum-and wheat rps4, gamagrass rps2A and gamagrass cox1 (Table S1 ). The two minisatellites in rps4 were different in their sequences, but both occurred in the less conserved internal ORF of angiosperm rps4 (Itchoda et al. 2002) . The minisatellite in gamagrass rps2A was located in the C-terminal extension of the ORF, a region known to be not conserved among maize, rice and wheat (Perrotta et al. 2002) . In maize, the C-terminal extension of rps2A is translated but cut away from the mature RPS2 polypeptide (Perrotta et al. 2002) . The gamagrass cox1 ORF has a unique C-terminal extension, where the minisatellite was located. Apparently independent minisatellite-like structures also occur in the carrot and the sorghum C-terminal extensions (BaileySerres et al. 1986; Robison and Wolyn 2006) . Previously, the mature translation products of carrot and sorghum cox1 were shown to exclude or include the C-terminal extension, respectively (Bailey-Serres et al. 1986; Robison and Wolyn 2006) . It is unclear whether gamagrass cox1 is more similar to carrot or sorghum cox1 because no gene expression analysis was conducted. The three intronic regions containing minisatellites were the nad1-intron 3 of seven species, rapeseed nad2-intron 4 and grapevine nad7-intron 3. The minisatellite in the nad1-intron 3 is conserved in five grass-family species, grapevine and onion but does not occur in papaya, tobacco, Arabidopsis or sugar beet (Fig. S1 ). The minisatellite in the rapeseed nad2-intron 4 is a non-duplicated form in Arabidopsis and the corresponding sequence appears to be missing in the other eight plants listed in Table 4 (data not shown). No corresponding sequence of the grapevine-nad7-intron 3 minisatellite was found in the other nine plants in Table 4 . Of the remaining 72 minisatellites, two pairs, Arabidopsis AtTR1 and rapeseed BnTR1 and Arabidopsis AtTR4 and rapeseed BnTR4, were identical in terms of the nucleotide sequence of the repeat unit but the number of iterations differed (Table S1 ). Papaya CcTR2 and grapevine VvTR10, and gamagrass TdTR4 and maize ZmTR4 were the pairs of repeated sequences where the nucleotide sequence of the repeat unit and the number of iterations was identical (Table S1 ). Repeat units of another 21 minisatellites had their homologous sequence as a nonduplicated form in at least one of other plant species. The nucleotide sequences of the other 43 minisatellites were unique to each plant species.
The most prevalent number of iterations was 2 (in 74 cases), followed by 3 (in 6), 4 (in 3) and 5 (in 1). The length of repeat units ranged from 20 to 72 bp, of which 67 units were in the range of 22 to 62 bp. Of the 84 minisatellites, 60 exhibited an organization with short direct repeats that were homologous to the beginning of the repeat unit immediately following the array (Table S1 ; see examples in Figs 1, 2) . Such an organization has been proposed to be involved in the initial duplication of the repeat unit in yeast and humans (Haber and Louis 1998) . The number of minisatellites per mitochondrial DNA ranged from 1 (tobacco) to 15 (Arabidopsis), and there seemed to be no correlation between the number of minisatellites and the size of mitochondrial DNA (Table 4) . 
Mitochondrial minisatellites in Oryza
As a model, we next examined the length polymorphism of the identified minisatellites in Oryza. There were six available mitochondrial sequences in Oryza: two from O. sativa Japonica cultivars, three were O. sativa Indica cultivars and one was an accession of O. rufipogon, which is a close relative of O. sativa (Fujii et al. 2010; Notsu et al. 2002; Tian et al. 2006) . We searched the five additional Oryza mitochondrial genome sequences for counterparts of the five minisatellites identified in the cultivar Nipponbare (Table 4) and compared their nucleotide sequences. The result showed that all five minisatellites were preserved, and the number of repeat units was unchanged in each locus (data not shown).
In the genus Oryza, all the species are classified according to their chromosome complements (genomes) such as AA, BB, BBCC, CC, CCDD, EE, FF, GG and HHJJ (Vaughan and Morishima 1999; Vaughan et al. 2003) . This classification system is well supported by cytogenetic and molecular phylogenetic studies using nuclear and/or chloroplast DNAs. Because all six of the above-mentioned mitochondrial sequences belonged to an AA-genome species, another species with a different genome types remained to be examined. A core collection comprised of 42 accessions from 18 Oryza species, covering nine genome types, was evaluated (Table 1) . PCR primers targeting the five minisatellites were designed based on the Nipponbare sequence and used for PCR analysis. When OsTR3, one of the five minisatellites (see Table S1 and Fig. S1 ), was targeted, PCR fragments of the expected size were obtained from all 42 plants and there was no apparent polymorphism (data not shown). On the other hand, PCR analysis of the other four loci exhibited length polymorphism of the amplicons (Fig. 1) .
OsTR1 is a minisatellite composed of two repeats in the Nipponbare sequence (Table S1 ; Fig. 1 ). We obtained two kinds of amplicons, one was the same size as the Nipponbare sequence (21 plants) and the other was smaller (16 plants). No clear amplification was observed in 5 plants (Fig. 1a) . To examine the organizational difference of the amplicons, nucleotide sequences of the PCR products of accessions W1020 and W0002 were determined. Comparison of the two sequences revealed that one repeat copy was missing in W0002 (Fig. 1b) .
The repeat organization of OsTR2 in the Nipponbare sequence is two copies of 23-bp repeats followed by a divergent repeat copy of 33 bp (Table S1 ; Fig. 1 ). Two kinds of amplicons appeared on the polyacrylamide gel, one was expected from the Nipponbare sequence (15 plants) and the other was smaller (2 plants). No clear amplification was observed for 25 plants. We sequenced the PCR products from W2003 and W1401 and found that the 33-bp repeat copy was missing from W1401 (Fig. 1c) .
All 42 plants yielded PCR products corresponding to OsTR4, but the PCR products of three plants were smaller than the expected size of the Nipponbare sequence (Fig. 1a) . Nucleotide sequencing of the W0002 and W0003 amplicons revealed that a 32-bp repeat copy was missing in W0003 as well as a 4-bp deletion in the remaining repeat copy (Fig. 1d) .
PCR analysis of OsTR5 gave amplicons with the expected size of the Nipponbare sequence (16 plants), smaller amplicons (21 plants), and no amplicons were observed for 5 plants (Fig. 1a) . The W0002 amplicon lacked a 20-bp repeat copy compared to the W1020 amplicon (Fig. 1e) .
Mitochondrial minisatellites in Brassica
We selected Brassica as another model to examine the polymorphism of mitochondrial minisatellites, because the relationships between six major cultivated species of Brassica have been established (U 1935) . Total cellular DNAs were isolated from a total of 29 accessions, comprising the six major Brassica cultivated species (Table 2) . Six sets of PCR primers were designed to target the mitochondrial minisatellites based on the mitochondrial DNA of Brassica napus cultivar Westar (Table S1 ). As a result of PCR analysis of the 29 accessions, we obtained PCR products from all the plants with each of the primer sets, but no length polymorphism was apparent on the gel in the case of BnTR2, BnTR3, BnTR5 or BnTR6 (Fig. 2; data not shown). The remaining two polymorphic minisatellites were investigated further.
BnTR1 consisted of 29-bp repeat copies with a 33-bp intervening sequence, and the number of repeat copies was four in Westar (Table S1 ). The PCR products of accession C-701, whose size was the same as expected from the Westar sequence, and O-141, whose amplicon was smaller (Fig. 2a) , were sequenced and compared. As a result, the lack of a repeat copy from the O-141 sequence was revealed (Fig. 2b) .
BnTR4 is a tandem array of 31-bp repeat units and a divergent copy, reiterated five times in Westar (Table S1 ). The sizes of the obtained PCR products were *0.3, *0.25 and *0.22 kbp on the polyacrylamide gel (Fig. 2a) , of which the 0.3-kbp amplicon was expected from the Westar sequence. The nucleotide sequence of the PCR products from N-118, O-141 and C-701 revealed a different number of repeat copies, which was five, three and two, respectively (Fig. 2c) .
Discussion
Minisatellites occurred more frequently in regions with less functional significance in angiosperm mitochondrial DNAs. Identification of mitochondrial minisatellites is possible if a reference sequence is available. It should be noted that the number of informative mitochondrial minisatellites in a plant may be insufficient for use as markers because angiosperm minisatellites are not always polymorphic and, if they exist, the number of alleles may 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 Curr Genet (2011) 57:261-270 267 be small or some specimen may exhibit null alleles. However, mitochondrial minisatellites have the potential to increase the robustness of an analysis when combined with nuclear and chloroplast markers. The number of repeat units in all the Oryza mitochondrial sequences and Oryza accessions with an AA genome examined in this study were 2, 3, 2 and 2 for OsTR1, OsTR2, OsTR4 and OsTR5, respectively. Hereafter, haplotypes based on the mitochondrial minisatellites are coded in parenthesis. Therefore, the haplotype of AA-genome accessions is coded as (2, 3, 2, 2) (see Table 1 ). The BBgenome accessions examined in this study possessed a null allele at OsTR2, and its haplotype code is (2, -, 2, 2). Accordingly, all the CC-, BBCC-and CCDD-genome accessions were coded as (1, -, 2, 1) , which can be distinguished from the AA-or BB-genome accessions at OsTR1 and OsTR5. This result is consistent with the notion that during the formation of these amphidiploid species the cytoplasmic donor parent of BBCC-and CCDD-genome species may have been a CC-genome species (Nishikawa et al. 2005) . However, the code of EE-genome accessions cannot be distinguished from the HHJJ-genome accessions, a result that was not supported by previous studies (e.g. Nishikawa et al. 2005) where EE-genome accessions were grouped into an O. officinalis complex containing BB-, CC-, BBCC-, CCDD-and EE-genome accessions. It is possible that the two identical codes occurred by chance; however, further investigation of Oryza mitochondrial DNAs will be necessary. Because of the occurrence of more than two null alleles, the minisatellite set consisting of OsTR1 to OsTR5 was less informative for the FF-and GG-genome accessions.
In the case of Brassica, five distinctive haplotypes based on two mitochondrial minisatellites were apparent (Table 2) . In Brassica rapa, for example, the numbers of repeat units in BnTR1 and BnTR4 were 4 and 2, respectively, and they were coded as (4, 2). Of the six major cultivated Brassica species, the genomes of three diploid species, Brassica rapa, Brassica nigra and Brassica oleracea, have been designated as AA, BB and CC, respectively (U 1935). As shown in Table 2 , the haplotype codes (4, 2), (3, 2) and (3, 3) corresponded to the AA-, BB- and   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29   BnTR1  267  238   BnTR4  312  250 CC-genome accessions, respectively. Of particular interest is that the haplotype codes of two amphidiploid accessions, Brassica juncea (AABB-genome species) and Brassica carinata (BBCC-genome species), were (4, 2) and (3, 2), respectively. These results are consistent with the notion that the cytoplasmic donor of the AABB-genome species was an AA-genome species and that the BBCC-genome species donor was a BB-genome species, a hypothesis well supported by chloroplast DNA analyses (Erickson et al. 1983; Palmer et al. 1983 ). On the other hand, none of the two haplotype codes of the B. napus (AACC-genome species) accessions matched with the other five Brassica species. According to chloroplast DNA analyses, there were multiple chloroplast types in B. napus accessions and such chloroplast DNA types were very few in diploid Brassica accessions (Song et al. 1988; Flannery et al. 2006; Allender and King 2010) . It should be noted that two mitochondrial minisatellites of Brassica, BnTR1 and BnTR4, exhibited their potential as mitochondrial markers (Table 2) . Such mitochondrial markers can be applied to explore the mitochondrial diversity of Brassica genetic resources. Another potential application is the diagnosis of the heteroplasmic state of mitochondria, for example, in cybrids that were produced by fusion of two protoplasts with different mitochondrial types. Unlike animal mitochondria (Lunt et al. 1998) , there was no clear evidence of heteroplasmy in our plant materials (Figs. 1, 2) (Nishizawa et al. 2000) , but heterogeneous PCR products targeting a mitochondrial minisatellite were seen when a Brassica-Arabidopsis cybrid was evaluated (our unpublished result).
Why was the level of polymorphism in Oryza or Brassica lower than that of Beta vulgaris? Intraspecific variation is rare in the former two but frequent in the latter genus: for example, a minisatellite locus of Beta vulgaris named TR1 has at least 6 alleles whose iteration numbers are 4, 5, 6, 7, 10 and 13 (Cheng et al. 2011) . Preliminary tests on the intraspecific variation of radish (Raphanus sativus) using PCR primers for BnTR1 to BnTR6 revealed that, although PCR products were obtained with some primer sets, there were no length polymorphisms among nine accessions with various mitochondrial types (our unpublished result). It remains unknown whether the trends in mitochondrial minisatellite evolution differ among plant species or among loci. In gymnosperms, mitochondrial minisatellites showing intraspecific variation have been reported (Bastien et al. 2003; Godbout et al. 2005 ), but there is no information about other loci as far as we know. Mechanisms involved in the organizational polymorphism of minisatellites in Drosophila and yeast nuclear DNAs have been proposed such as DNA recombination including gene-conversion like activity rather than replication error, (Richard and Paques 2000) , but mechanisms explaining plant mitochondrial minisatellites are unclear. The identity of factors accelerating variation in the number of repeat units is an open question.
